Introduction
The transforming growth factor-␤ (TGF-␤ ) superfamily members, including TGF-␤ , bone morphogenetic proteins (BMPs), activins, inhibins and mycostatin, play important roles in diverse biological processes such as growth, differentiation and inflammation [1] . TGF-␤ and BMPs are extensively studied in human vascular disease such as hereditary hemorrhagic telangiectasia, atherosclerosis, restenosis and primary pulmonary hypertension [1] . The active TGF-␤ elicits signals through two pairs of receptor transmembrane serine/threonine kinases known as the type II and I receptors, respectively [2] . Following TGF-␤ ligand binding, TGF-␤ type II receptor recruits and phosphorylates the type I receptor, and then propagates the signal by phosphorylating Smad transcription factors. Once activated by TGF-␤ receptors, phosphorylated Smads associate with Smad4 and enter the nucleus, where they associate with other transcriptional repressors and transcriptional activators to modulate target gene expression in a cell type-dependent manner.
TGF-␤ 1 regulates phenotype transition in smooth muscle cells (SMC) by regulation of specific contractile proteins such as smooth muscle (SM) ␣ -actin, SM22 ␣ and calponin 1 in different cells including 10T1/2 cells, neural crest cells and fibroblasts [3] [4] [5] . In human atherosclerotic lesions, the actions of TGF-␤ appear restricted to SM cells in fibrous plaques, but not in fibrofatty lesions, based on Smad expression [6] , indicating the possibility of a Smad-independent TGF-␤ signaling pathway human atherosclerotic lesions. Although it is widely held that TGF-␤ can induce SMC contractile gene expression in various cell types including SMC [7] [8] [9] [10] , the mechanisms are poorly defined. Smad pathways are major signal transduction routes downstream of TGF-␤ receptors, although Smad-independent pathways are also activated [7] [8] [9] . Our recent studies highlight TGF-␤ cooperation with other regulators of SMC phenotype, including the Notch pathway. Therefore, our goal was to define the specific TGF-␤ receptor and Smad-mediated pathways involved in TGF-␤ 1 signaling in human primary SMC. Secondly, we tested whether endoglin, a TGF-␤ type III receptor that is high expressed in injured arteries and atherosclerotic plaques [11, 12] , can modify the response to TGF-␤ 1 in SMC. This signaling axis was studied with respect to TGF-␤ -mediated SMC differentiation. Both Smad-dependent and Smad-independent pathways were examined.
Our results show that TGF-␤ 1 can phosphorylate Smad2/3 and Smad1/5/8 in human aortic SM cells (HASMC), and that ALK5, but not BMP type I receptors (ALK1/2/3/6), is required for TGF-␤ to phosphorylate Smad1/5/8, and regulate SMC differentiation. Moreover, the expression of endoglin did not oppose TGF-␤ 1-mediated differentiation. We also found that ALK5/Smad3 and MAP kinase signaling are required for TGF-␤ 1-induced SMC differentiation. Our findings will aid understanding of the pathways activated by TGF-␤ in human vascular diseases such as atherosclerosis, restenosis, and primary pulmonary hypertension.
Methods
Cell Culture HASMC were purchased from Cambrex, maintained in SmGM2 medium, and used between passages 4 and 7. For experiments involving TGF-␤ 1 or BMP stimulation, HASMC were serum starved for 24 h before addition of growth factors or inhibitors.
Constructs and Gene Expression
Adenoviral constructs were generated as described [13] . The following constructs are in the pAdlox vector. Human HA-tagged ALK1 construct (K229R), HA-tagged ALK5 (T204D and K232R) and human endoglin were previously characterized. The endoglin construct utilized encodes for the short form of endoglin [14] . Cells were transduced as described [14, 15] .
Immunoblotting
Whole-cell extracts were prepared in ice-cold lysis buffer as described [15] and then centrifuged. Immunoblot analyses used anti-calponin (Sigma), anti-␤ -actin (Sigma), anti-SM22 ␣ (Abcam), anti-endoglin (BD Bioscience), anti-SM ␣ -actin (Sigma), anti-HA (Sigma), anti-pSmad2/3 and anti-pSmad1/5/8 (provided by Volkhard Lindner Maine Medical Center Research Institute, Scarborough, Me. USA), anti-SM22 ␣ (Abcam), anti-Smad1 (Cell Signaling), anti-Smad3 (Cell Signaling) and anti-GFP (Santa Cruz).
Quantitative RT-PCR Total RNA was extracted using Tri-reagent (Sigma), treated with RNase-free DNAase1 (Promega) and reverse transcribed using 20 p M oligodT with AMV reverse transcriptase (Promega). Quantitative RT-PCR was performed using the iCycler (Bio-Rad) using SYBR green (Bio-Rad) with 20 ng cDNA as template. Each sample was amplified in triplicate. Threshold cycle numbers were calculated at log phase of amplification and normalized to cyclophilin.
Transient Transfection and Luciferase Assay
HASMC were plated at 20,000 cells/well of 24-well plate and transfected 24 h later using 0.25 g reporter plasmid, 0.75 l Gene Juice (Invitrogen) and 25 ng renilla luciferase plasmid/well. Cells were serum starved for 24 h followed by stimulation with TGF-␤ 1 for 24 h and then collected for luciferase assay as described [16] . All experiments were repeated at least three times, and the results from a representative experiment are shown with standard deviations.
Co-Immunoprecipitation Assay
Co-immunoprecipitation was performed as described [17] . For assays with transfected plasmid and adenovirus, 300 g of cell lysate was incubated with 1.5 g antibody overnight at 4 ° C followed by the addition of protein A/G plus agarose beads for one hour at 4 ° C. Proteins were eluted and subjected to SDS-PAGE. Western blotting was performed with anti-HA or anti-GFP antibodies.
Statistical Analysis
Statistical analyses were performed using Student's t test with significant difference determined as p ! 0.05. Data were presented as the means 8 SD.
Results

TGF-␤ 1 Stimulation Phosphorylates Both Smad2/3 and Smad1/5/8 in HASMC
Although it is widely accepted that TGF-␤ induces the phosphorylation of Smad2/3 through ALK5, TGF-␤ was recently reported to signal via type I receptors, ALK1 and ALK5, to phosphorylate Smad1/5/8 and Smad2/3 in several cell types [18, 19] . However, no reports have characterized these pathways in primary human SMC. To address this, we first examined the expression of ALK receptors by RT-PCR. We observed that both ALK1 and ALK5 are expressed in primary HASMC ( fig. 1 a) . No PCR products were detected without reverse transcription. We next examined whether TGF-␤ 1 can phosphorylate both Smad2/3 and Smad1/5/8 in HASMC. Cells were starved for 24 h in serum-free medium, and treated with TGF-␤ 1 for 1 h before collection for Western blotting to test for Smad phosphorylation. The immunoblots show that TGF-␤ 1 phosphorylates both Smad1/5/8 and Smad2/3 ( fig. 1 b, c) , without changing total levels of Smad3 or Smad1, suggesting that TGF-␤ 1 might activate both type I receptors in HASMC. BMP9-treated HASMC were used as a positive control for phosphorylation of Smad1/5/8 ( fig. 3 c) . Immunoblotting with anti-␤ -actin was used as a control. To further confirm that TGF-␤ action in HASMC is through Smad2/3 and Smad1/5/8, we examined expression of PAI1, an ALK5/Smad2/3 target, and ID1, an ALK1/Smad1/5/8 target. TGF-␤ 1 treatment of HASMC induced both PAI1 and ID1 expression at the transcript and protein levels ( fig. 1 d, e) . We also examined the activation of the CAGA12 promoter, which is a reporter specifically activated by the Smad2/3 pathway in response to TGF-␤ . TGF-␤ 1 activates CAGA12 transcriptional activity ( fig. 1 f) , but was unable to activate a reporter construct containing a BMP-responsive element [20] , which measures activation of the Smad1/5/8 pathway (data not shown). These data in SMC are consistent with previous work showing that TGF-␤ 1 activation of Smad1 phosphorylation does not regulate BMP-responsive elementluciferase activity [19] .
TGF-␤ 1-Induced Phosphorylation of Smad1/5/8 and Smad2/3 Is Time-and Dosage-Dependent
The kinetics of TGF-␤ -induced Smad phosphorylation is cell type dependent [19] . We studied the kinetics of Smad phosphorylation by TGF-␤ 1 in SMCs. The expression of pSmad2/3 was detected after 15 min of stimulation, with a peak level at about 60 min ( fig. 2 a) . Phosphorylation of Smad2/3 was still observed 3 h after treatment ( fig. 2 a) , although the signal decreased dramatically. Phosphorylation of Smad1/5/8 was detectable after 15 min, with a peak at 60 min ( fig. 2 a) . A dose-response curve was performed with increasing TGF-␤ 1 concentrations (from 0.2 to 5 ng/ml). Cells were stimulated for 1 h before collection. Phosphorylation of Smad2/3 and Smad1/5/8 by TGF-␤ 1 is dosage dependent at low concentrations (less than 1 ng/ml; fig. 2 b), and both had similar dose responsiveness to TGF-␤ 1.
TGF-␤ 1-Induced Smad1/5/8 Phosphorylation Is Independent of BMP Type I Receptors in SMC
In endothelial cells, TGF-␤ -induced Smad1/5/8 phosphorylation is ALK1 dependent [21] . In HaCaT cells, ALK2 is required for TGF-␤ phosphorylation of Smad1/5/8 [22] . Recent studies indicate that TGF-␤ does not need BMP type I receptors for Smad1/5/8 phosphorylation in some cell types [19] . To determine the requirement for BMP type I receptors in TGF-␤ 1-induced Smad1/5/8 phosphorylation in SMC, we utilized the established and specific ALK inhibitors SB431542 [23] (inhibitor of ALK4/5/7) and dorsomorphin (DM, inhibitor of ALK2/3/6) [24] . DM has also been reported to inhibit ALK1 activity [19] . HASMC were pretreated with ALK inhibitor SB431542, LY364947 or DM for 3 h, and then stimulated with TGF-␤ for another hour before collection to test the phosphorylation level of Smads. TGF-␤ 1 dramatically induced Smad2/3 and Smad1/5/8 phosphorylation, and the addition of SB431542 [23] or LY364947 [25] completely inhibited this induction ( fig. 3 a) , suggesting that ALK4/5/7 activity is required for TGF-␤ -mediated phosphorylation events. Most significantly, DM did not repress TGF-␤ -mediated induction of Smad2/3 or Smad1/5/8 phosphorylation ( fig. 3 a) . As a control, DM was shown to repress BMP9-and BMP4-mediated Smad1/5/8 phosphorylation ( fig. 3 b) . These data suggest that BMP type I receptors are not required for TGF-␤ 1 phosphorylation of Smad1/5/8 in SMC. 
ALK5 Is Required for TGF-␤ -Induced Phosphorylation of Smad1/5/8 in HASMC
Previous studies have shown that both ALK1 and ALK5 are required for TGF-␤ 1 signaling in endothelial cells and chondrocytes for Smad1/5/8 phosphorylation. Most recently, it was found that ALK1 is not always required for TGF-␤ -induced Smad1/5/8 phosphorylation. Our data show that ALK4/5/7 is required for TGF-␤ phosphorylation of Smad1/5/8 in SMC ( fig. 3 a) . As ALK5 is thought to be specific for the phosphorylation of Smad2/3 by TGF-␤ , we investigated whether ALK5 is could also initiate the phosphorylation of Smad1/5/8 in HASMC. The kinetics of TGF-␤ -induced Smad phosphorylation supports this possibility ( fig. 2 a) . HASMC were transduced with dnALK5 before TGF-␤ 1 addition. The overexpression of dnALK5 inhibited TGF-␤ -induced Smad2/3 and Smad1/5/8 phosphorylation ( fig. 4 a) , showing that ALK5 kinase activity is required for TGF-␤ phosphorylation of Smad1/5/8 in HASMC. To further assess the role of ALK1 in Smad1/5/8 phosphorylation, HASMC were transduced with dominant negative ALK1 (DN1), and then stimulated with TGF-␤ 1. DN1 did not repress TGF-␤ -induced Smad phosphorylation ( fig. 4 b) , suggesting an ALK1-independent pathway. The caALK5 can mimic TGF-␤ action to phosphorylate Smad2/3 and Smad1/5/8 [19] . These phosphorylation events should be a direct reflection of caALK5 activity because no TGF-␤ or BMP was added to stimulate the activity of additional receptors. ALK5-induced Smad2/3 phosphorylation is through the direct interaction of ALK5 and Smad2/3. If ALK5 can directly phosphorylate Smad1/5/8, we predicted that these proteins would interact. To test this hypothesis, HASMC were transduced with caALK5, and lysates subjected to immunoprecipitation using anti-pSmad1/5/8 or anti-pSmad2/3 antibodies. We observed that both pSmad1/5/8 and pSmad2/3 are able to co-immunoprecipitate with caALK5 ( fig. 4 c) , suggesting that these proteins indeed interact. Specificity of this interaction was shown by transfection of cells with control GFP and immunoblot with anti-GFP. Both caALK5 and GFP were found in total cell lysates. These data combined with the kinetics of TGF-␤ -induced pSmads provide further evidence that Smad1/5/8 might also be a target of ALK5 phosphorylation in HASMC.
ALK5, Not BMP Type I Receptor, Is Required for TGF-␤ -Induced SMC-Specific Gene Expression
Although TGF-␤ can induce SMC-specific gene expression, little is known about whether TGF-␤ requires BMP type I receptor signaling to accomplish this. To address this question, the specific inhibitors SB431542 and DM were added to TGF-␤ 1-treated cells. Stimulation by TGF-␤ dramatically regulated SM marker expression ( fig. 5 a) , which was inhibited by the ALK4/5/7 blocker, SB431542 ( fig. 5 a) . However, DM did not have a significant effect on TGF-␤ -induced SMC differentiation markers ( fig. 5 a) , suggesting that the TGF-␤ receptors, not the BMP type I receptors, are required. To further study the role of the specific TGF-␤ type I receptor in HASMC differentiation, cells were transduced with dnALK1 and dnALK5, and then treated with TGF-␤ 1. Expression of dnALK5 suppressed TGF-␤ -mediated induction of SM actin and calponin 1 expression ( fig. 5 b) . To further test the role of ALK5 signaling, HASMC were transduced with caALK5. We found that caALK5 mimics TGF-␤ action in inducing SM-specific gene expression ( fig. 5 b) . Unlike inhibition of ALK5 signaling, expression of dnALK1 did not repress TGF-␤ -regulated SMC differentiation ( fig. 5 c) . These data show that the active receptor propagating TGF-␤ signals leading to HASMC differentiation is ALK5.
Endoglin Does Not Oppose TGF-␤ Action in Promoting SM Gene Expression
Endoglin, a type III receptor, can inhibit TGF-␤ action in endothelial cells through ALK5/Smad2/3 [26] . Endoglin is a target gene of TGF-␤ signaling pathway in SMC [11] . However, little is known about the role of endoglin in TGF-␤ 1-mediated SMC differentiation. We first examined whether endoglin also is a target gene of TGF-␤ in HASMC, which was reported in a previous study [11] . While untreated HASMC express low levels of endoglin, TGF-␤ 1 was a strong inducer of endoglin accumulation ( fig. 6 ). The expression of endoglin was further increased by exogenous transduction, and effects were compared with or without TGF-␤ 1 addition for 2 days. TGF-␤ 1 strongly induces SMC markers in GFP-transduced cells, and this was not affected by endoglin expression. In addition, endoglin alone did not have any effect on SMC marker expression ( fig. 6 ). Thus, in the context of HASMC marker expression, endoglin does not antagonize TGF-␤ 1 function.
Smad-Dependent and Smad-Independent Roles of TGF-␤ Function in Regulating SMC-Specific Gene Expression
Our data indicate that TGF-␤ mediates SMC differentiation and phosphorylation of Smad2/3 through ALK5. Regulation of SMC marker genes by TGF-␤ 1 could be via Smad-mediated transcription by interaction with consensus-binding regions in target promoters, or via an indirect mechanism. To test the role of Smads in TGF-␤ -induced SMC differentiation, the Smad3-specific inhibitor SIS3 was used. The addition of the inhibitor to the TGF-␤ 1-treated cells could partly repress TGF-␤ 1 function in SMC differentiation via decreasing both protein and mRNA levels ( fig. 7 a, b) , suggesting that ALK5/ Smad3 is one downstream signaling pathway for TGF-␤ to regulate SMC differentiation. Because the Smad3 inhibitor does not completely inhibit TGF-␤ activity in promoting SMC differentiation, we examined other potential signaling pathways. Several signaling pathways are implicated in TGF-␤ 1 signaling [5, [7] [8] [9] 27] . Following TGF-␤ 1 treatment, we found significant activation of ERK1/2, and some activation of JNK and p38 ( fig. 7 c) . We therefore utilized inhibitors of PI3K/Akt and MAP kinase signaling, including U0126 (MEK/Erk) [28] , LY294002 (PI3K/Akt) [29] , SP600125 (JNK) [30] and SB201090 (p38) [31] . We found that MAP kinase signaling is required for TGF-␤ -induced SMC differentiation, but PI3K/Akt signaling is not ( fig. 7 d, e) . In addition, when MAPK inhibitors were used in combination with suppression of Smad3 (SIS3), we found enhanced suppression of smooth marker expression ( fig. 7 f) . Therefore, TGF-␤ 1 activates both Smad3-dependent and Smad-independent signals that contribute to the TGF-␤ -induced SMC differentiation phenotype.
Discussion
TGF-␤ plays an important role in vascular development and vascular disorders. However, the precise mechanisms by which it exerts its effects are not entirely clear, especially in SMC phenotype transition. One unique feature representing the multifunctional nature of TGF-␤ is the diverse repertoire of signaling, which was recently reported in endothelial cells, neurons and chondrocytes [18, 32, 33] . The present study characterizes TGF-␤ 1 downstream pathways regulating SMC marker expression in HASMC. We demonstrate that TGF-␤ 1 phosphorylates Smad1/5/8 and Smad2/3 in HASMC, and that BMP type I receptors are not required for TGF-␤ -mediated phosphorylation of Smad1/5/8. Furthermore, we identify ALK5, but not ALK1, as the signaling receptor whose activation leads to phosphorylation of Smad1/5/8 and SMC marker expression. These pathways were not influenced by increased endoglin, a TGF-␤ type III receptor that modifies TGF-␤ responses in some cellular contexts. Both ALK5/Smad3-mediated and Smad-independent pathways are activated by TGF-␤ in HASMC. Taken together, our findings show that TGF-␤ responses in SMC are regulated in a multipathway manner, and emphasize that these molecular pathways are cell type specific. In endothelial cells, various studies show that TGF-␤ phosphorylates SMAD2/3 and SMAD1/5/8 through TGF-␤ type 1 receptors ALK5 and ALK1, respectively, and that ALK1 opposes ALK5/SMAD2/3 signaling [18, 21] . Moreover, the type III receptor endoglin inhibits TGF-␤ /ALK5 signaling function by enhancing ALK1 signals in endothelial cells [26] . The vascular importance of ALK1 and endoglin was further supported by their null mutant phenotypes, which are characterized by vascular and cardiac abnormalities with embryonic lethality by E10-10.5 [34] [35] [36] . Distinct TGF-␤ signals propagated through ALK1 versus ALK5 also occur in neurons and human chondrocytes [32, 33] . In HaCaT keratinocytes, TGF-␤ -induced Smad1 phosphorylation requires the BMP type I receptor ALK2, since no ALK1 expression was observed in these cells [22] . Smad1 phosphorylation by TGF-␤ stimulation was detected in several epithelial cells and fibroblasts via ALK5 and ALK2 and/or ALK3 [37] . These studies and a recent report by Wrighton et al. [19] suggest that activation of Smad1 by TGF-␤ is a common phenomenon. However, the mechanisms of TGF-␤ -mediated Smad1 phosphorylation are cell type dependent. In some cells such as C2C12, TGF-␤ phosphorylates Smad1 independently of BMP receptors [19] , while other cells require various BMP receptors for the phosphorylation of Smad1 [18, 32, 33] . However, little is understood about specific TGF-␤ pathways relevant in SMC. One major function of TGF-␤ 1 is to regulate SMC differentiation, which it does by targeting SMC markers such as SM actin, SM22 ␣ , and calponin 1 in different cell types such as 10T1/2 cells, SMC, neural crest cells, bone marrow stromal cells and fibroblasts [3] [4] [5] 27] . However, the downstream signaling in these various cell sources is diverse. In bone marrow stromal cells, ALK5/Smad3, Rho kinase activity and Notch signaling are involved in TGF-␤ 1-mediated SMC differentiation [27] . In neural crest stem cell line Monc-1, RhoA modulates TGF-␤ 1-involved SMC differentiation [7] . In 10T1/2 cells, Erk1/2 activity and PI3k/Akt are involved in TGF-␤ 1-regulated differentiation [5, 9] . In the PAC-1 SMC line, TGF-␤ 1-induced expression of SM marker genes involves activation of PKN and p38 MAPK [8] .
In addition to Smad3-dependent role of TGF-␤ in SMC differentiation, we also found that MAP kinase signaling is required for TGF-␤ -mediated SMC marker induction. Endoglin, a TGF-␤ type III receptor that is highly expressed in injurious artery and atherosclerotic plaques [11, 12] , is one TGF-␤ target gene in HASMC, which was reported to repress TGF-␤ /Smad2/3 signaling in endothelial cells at high expression levels. In HASMC, we did not observe this activity by endoglin, showing that endoglin activity is different in vascular cells. Although we did not detect a role for PI3k/Akt in regulation of SMC markers, we cannot rule out the possibility that PI3K/Akt or endoglin may be functionally significant in other TGF-␤ phenotypes such as cell migration, cell cycle progression or regulation of other genes. Src-dependent TGF-␤ type II receptor phosphorylation leads to the recruitment of GRB2 and SHC as well as the activation of the p38 MAPK pathway, which plays a pivotal role in breast cancer cell proliferation and invasiveness [38, 39] . TGF-␤ -induced receptor heterotetramers recruiting the ubiquitin ligase tumor necrosis factor-␣ receptor-associated factor 6 (TRAF6) to the cytoplasmic domain of TGF-␤ type I receptor in mammalian cells lead to the activation of p38 and c-JNK cascades, which regulate apoptosis or cell migration [40, 41] . Therefore, future experiments to investigate the role of various TGF-␤ pathways in SMC proliferation and migration are warranted. In conclusion, TGF-␤ activates diverse signaling pathways to regulate SMC differentiation markers in a cell type-specific manner. These observations have implications to cardiovascular disease and developmental pathways known to involve TGF-␤ superfamily signaling.
